ABSTRACT Increased vascular constriction has been observed at the site of atherosclerotic lesions, suggesting an association between atherosclerosis and altered vascular tone. While atherosclerosis may increase sensitivity to exogenous vasoconstrictors, little is known about the response of normal and atherosclerotic coronary arteries to an exogenous stimulus that excites the sympathetic nervous system. Therefore, we studied the response to cold pressor test (CPT) using quantitative angiography and Doppler flow velocity measurements in eight patients with angiographically normal coronary arteries (group I), nine patients with mild coronary atherosclerosis (< 50% diameter narrowing) (group II), and 13 patients with advanced coronary stenoses (> 50% diameter narrowing) (group III). In 31 segments of angiographically smooth arteries in group I, the CPT produced vasodilation from a control mean diameter of 2.68 ± 0.09 (mean ± SE) to 2.99 ± 0.09 mm at peak CPT (p < 0.001), a 12 + 1 % increase in diameter. In group II, 27 irregular segments constricted to peak CPT from a mean control diameter of 1.82 ± 0.12 to 1.66 ± 0.12 mm (p < .001), a 9 ± 1% decrease, while 10 smooth segments dilated from a mean control diameter of 1.98 ± 0.11 mm to 2.34 ± 0.15 mm (p < .01), a 19 + 2% increase in diameter. Likewise, in group III, the 17 stenotic segments constricted from 1.16 ± 0.09 to 0.89 ± 0.09 mm (p < .001), a 24 6% decrease; the irregular segments also constricted from 2.44 0.11 to 2.22 0.12 mm (p = .002), a 10 ± 2% decrease. In contrast, two smooth segments dilated from 2.98 to 3.23 mm (mean), an 8% increase in diameter. Coronary blood flow increased 65 ± 4% (mean) during CPT in group I, it increased 15 ± 6% in group II, and it decreased 39 ± 8% in group III. The vasodilator response in four normal patients was partly inhibited by the administration of intracoronary propranolol (17 + 3% increase during control, 10 + 2% increase after propranolol, 41% less dilation; p = .002). We conclude that the response of normal coronary arteries to the CPT test is dilation, in part related to /3-adrenoreceptor stimulation and possibly flow-mediated endothelial dilation or a2-adrenergic activity. The paradoxical vasoconstrictor response induced by atherosclerosis may represent altered catecholamine sensitivity and/or a defect in endothelial vasodilator function. The presence of atherosclerosis impairs vasodilator responses and thus may contribute to the pathogenesis of myocardial ischemia.
DISTURBANCES of coronary vasomotion manifested as enhanced constriction may contribute to transient myocardial ischemia in patients with coronary artery disease (CAD). [1] [2] [3] Although the causes of abnormal vasomotion are not well defined, the observation that enhanced vascular reactivity may occur at sites of atherosclerosis implies an association between this disease of canine coronary arteries in vivo results in ,3-adrenergic-mediated vasodilation. To define the effects of sympathetic nervous system stimulation on vasomotion of coronary arteries in patients with normal and diseased vessels, we used quantitative coronary arteriography and Doppler flow velocity measurements to assess the response to the cold pressor test. In addition, the role of /3-adrenergic receptors in mediating the response of normal arteries was determined.
Methods
Classification of patients. Thirty patients undergoing diagnostic cardiac catheterization were studied. These patients were divided into three groups based on the extent of their atherosclerosis on the diagnostic angiogram, and classification decisions were made by consensus of three investigators upon review of the coronary angiograms after the diagnostic catheterization and before the research study.
Group I: controls. Eight patients with angiographically normal coronary arteries served as control subjects. Five patients had atypical chest pain with negative exercise tolerance tests; three patients had supraventricular tachyarrhythmias and were referred for diagnostic angiography and electrophysiologic study. Their ages ranged from 17 to 53 years (mean 37 years); five subjects were men, and three were women. All had angiographically normal, smooth coronary arteries without luminal irregularities.
Group II: minimal disease. Nine patients were studied who had luminal irregularities in at least one coronary artery with no focal stenosis of more than 50% diameter narrowing. All nine subjects (six men; three women) had chest pain, but negative or equivocal exercise tolerance tests. None had documented smallvessel disease or spasm. Whether the chest pain syndromes were of cardiac origin in unknown. They were considered to have early atherosclerosis because they had risk factors for atherosclerosis and clear-cut intimal irregularities on diagnostic angiography. They ranged in age from 38 to 66 years, with a mean of 48 years.
Group IIl: advanced stenoses. Thirteen patients were studied who had symptomatic stable angina pectoris, exercise tolerance tests diagnostic of myocardial ischemia, and an angiographically documented stenosis of greater than 50% narrowing in at least one coronary artery. Ten subjects were men and three were women. Their ages ranged from 36 to 71 years, with a mean of 59 years. Patients with unstable angina, recent myocardial infarction, conduction system disease, and clinical evidence of heart failure were excluded.
Written informed consent was obtained from all patients before the diagnostic catheterization, in In stenotic coronary arteries (group Ill), the Doppler flow velocity catheter was placed in the prestenotic segment. The Doppler flow velocity catheter was positioned in the center of the vessel with the guidewire extending from the tip of the catheter in order to obtain a stable flow velocity signal with minimal noise. The Doppler catheter was connected to a photographic multichannel oscillographic recorder (Electronics for Medicine VR 16, Pleasantville, NY) to display phasic and mean velocity waveforms. Before placement in the guiding catheter, the Doppler flow velocity recordings were zeroed and calibrated on a I to 4 MHz scale. The Doppler flow velocity catheter position was optimized in the coronary artery and baseline recordings of mean and phasic velocity were made. Continuous phasic and mean coronary flow velocity measurements were obtained during control, peak cold pressor test, recontrol, and after nitroglycerin with the other measurements listed above.
(3-Blockade studies. To study the role of /3-adrenergic receptors in mediating the response of normal coronary arteries, four patients with angiographically normal coronary arteries (group I) were randomly selected to undergo two serial cold pressor studies before and after the intracoronary administration of propranolol. Atrial pacing was performed throughout both cold pressor tests at a paced rate 10 beats/min above the intrinsic heart rate. An initial cold pressor test was performed according to the protocol described above with control, peak cold pressor test, and recontrol angiograms. A steady-state infusion of intracoronary propranolol (1 mg) was administered over 3 min into the left main coronary artery (LMCA). This does was calculated to deliver a drug concentration to the left coronary artery in excess of that known to produce 13-blockade in the myocardium.10 A second cold pressor test was then performed with angiograms obtained under control, peak cold pressor test, and recontrol conditions. A steady-state infusion of nitroglycerin (50 ,g) was delivered into the LMCA over 4 min followed by repeat angiography. Responses of the LAD and the LCx were analyzed.
Quantitative coronary angiography. quantitative coronary angiography was performed by a previously described and validated technique. "' 12 Nonionic contrast medium was injected into the left or right coronary artery at a rate of 5 ml/sec to a total of 8 to 9 ml with use of a Medrad power injector to optimize the CIRCULATIONquality and reproducibility of the opacification.13 A Phillips Polydiagnost-C biplane system was used to allow two image intensifiers to be positioned so that the center of each field of view was in line with a single position in space (isocenter). The coronary arteries under study were positioned in isocenter. After the diagnostic catheterization and before the cold pressor study, patients were classified into one of three groups (group I, II, or ILL). The study angiograms were examined by three investigators and all of the proximal, mid, and distal segments of the left or right coronary artery under study that were free of vessel overlap and side branches in both orthogonal views were chosen for analysis. Segments were then classified as smooth, irregular, or stenotic before analysis by a consensus decision. The epicardial coronary artery segment under study was centered, and the cine image was digitized with use of a Microvax 11 and RC1 image processing. Five cine frames were scanned and averaged with two anatomic references in each to ensure accurate repositioning of each frame. Calibrated grids, filmed at isocenter, were used to scale the data from pixels to millimeters. A series of measurements of diameter were recorded for each fixed line for the length of the arterial segment. The data were then displayed in graph form, showing diameter versus segment length. Four to six millimeter segments from angiographically normal vessels and vessels with luminal irregularities were selected and measured. The narrowest portion of the stenosis, as well as 1 mm segments with minimal taper proximal and distal to the stenosis, were measured in group III patients. Fixed coordinates were used to reproduce these regions of interest spatially in repeated measurements to assess serial changes. Data on the reproducibility of the measurements has been previously published."11 12 Estimates of changes coronary blood flow. Estimates of coronary blood flow (Q) were made from measurements of mean coronary flow velocity (V) and vessel cross-sectional area (CSA):
Q= V x CSA Cross-sectional area was determined from measurements of coronary artery diameter in the region studied from orthogonal views, assuming an elliptical model:
where DI = coronary artery diameter in the anteroposterior projection; D2 = coronary artery diameter in the lateral projection and both projections were obtained in the orthogonal position. 14 Statistical analysis. Reactions of epicardial coronary arteries to cold pressor stimulation Group I: controls. Thirty-one segments of angiographically smooth coronary arteries were analyzed in the eight group I patients. All 31 segments dilated in response to cold pressor test, with a mean control vessel diameter of 2.68 ± 0.09 mm, which increased to 2.99 ± 0.09 mm at peak cold pressor test (p < .001), representing a 12.0 ± 1.0% increase in vessel diameter (figure 1). The 31 segments also dilated in response to nitroglycerin, with a mean recontrol vessel diameter of 2.67 ± 0.09 mm, which increased to 3.51 ± 0.14 mm (p < .001), reflecting an increase in vessel diameter of 32.0 ± 2.0%. figure 4 . This 50-year-old man had a severe stenosis of the mid LCx, an irregular proximal LAD, and angiographically smooth distal LCx. During cold pressor testing, the stenotic mid LCx segment constricted, as did the irregular proximal LAD segment; however, the smooth distal LCx segment dilated. All three segments dilated in response to nitroglycerin.
The coronary segments from the three groups were combined so that all stenotic, irregular, and smooth segments were analyzed together. Figure 5 changes in the resting diameters of the arteries from the recontrol condition in the first cold pressor test (before propranolol) to the control condition in the second cold pressor test (after propranolol). All arteries dilated in response to nitroglycerin, with a 37.0 + 4. 0% increase indiameter(2.30 ± 0.18to3.20 t 0.17mm, p< .001).
Discussion
This study has demonstrated that the cold pressor test dilates normal and constricts atherosclerotic coronary arteries. Normal vasodilation is impaired in the presence of early and late atherosclerosis and is replaced by paradoxical vasoconstriction.
Vasodilator response. The finding that angiographically normal coronary arteries consistently dilated in response to cold pressor stimulation was somewhat surprising. Previous studies have reported vasoconstriction as the predominant normal response to sympathetic nerve stimulation produced by the cold pressor test. 5, 16 However, these studies were limited by the failure to carefully select patients with a low pretest likelihood of coronary disease and with completely smooth coronary arteries on angiography. The strict requirement in this study was that a vessel be completely smooth angiographically to be classified as a normal segment. Since angiography underestimates the extent of atherosclerosis, the pathologic presence of some atherosclerosis cannot be completely excluded even in these smooth segments. Nonetheless, the lack of strict anatomic classification requirements in previous studies may account for reported vasoconstric-CORONARY SEGMENTS Increases in coronary blood flow can also independently dilate large coronary arteries, possibly resulting from flow-mediated endothelium-dependent vasodilation.2023 In the presence of intact endothelium, increases in flow produce vasodilation, presumably via the release of endothelial-dependent relaxation factor(s) (EDRF). Conversely, endothelium dysfunction or damage may result in a loss of this flow-dependent dilation.23 In this study, cold pressor stimulation produced a 64% increase in epicardial coronary blood flow in the patients with normal coronary arteries and this increase in flow was associated with coronary vasodilation. It is possible that this effect may in part be mediated via the local effects of flow on the endothelium, although other metabolic and neural factors cannot be excluded.
a2-Adrenergic activity produces dilation in normal coronary arteries indirectly through the release of EDRF. 24, 25 34 Since flow velocity measurements were made only after careful positioning of the Doppler catheter in the vessel lumen (with guidewire extended beyond the catheter to secure its position), and since the Doppler catheter position was not changed during the research protocol, it is unlikely that significant error was introduced into the flow velocity measurements. In addition, the major objective of this study was to assess directional changes and not absolute volume flow with each intervention. Clinical correlation. The predominant effect of sympathetic nerve stimulation normally is coronary dilation. The loss of dilation in atherosclerosis and resulting paradoxical constriction could increase coronary vascular resistance in the presence of advanced stenoses and contribute to the development of transient myocardial ischemia. These findings suggest that coronary vasomotion is intimately related to the biology of atherosclerosis. Abnormal vasomotion may be a functional indicator of coronary atherosclerosis and may provide useful information in addition to the structural anatomy defined at angiography.
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